Nanopipettes are playing an increasingly prominent role in nanoscience, for sizing, sequencing, delivery, detection and mapping interfacial properties. Herein, the question of how to best resolve topography and surface charge effects when using a nanopipette as a probe for mapping in scanning ion conductance microscopy (SICM) is addressed. It is shown that using a bias modulated (BM) SICM scheme it is possible to map the topography faithfully, while also allowing surface charge to be estimated. This is achieved by applying zero net bias between the electrode in the SICM tip and the one in bulk solution for topographical mapping, with just a small harmonic perturbation of the potential to create an AC current for tip positioning.
Surface charge density plays an important role in interfacial processes and properties, and being able to probe surface charge in a simple, robust manner could find great application in mineralogy, [1] [2] [3] colloidal science, 4-7 materials science, including the study of electrode surfaces, 8 and in living systems 4, [9] [10] [11] [12] [13] [14] [15] [16] where surface charge is known to play a key role. While zeta potential measurements 17, 18 and potentiometric titrations [19] [20] [21] give important information on the charge of colloids in solutions, the charge on extended surfaces is more difficult to probe, with relatively few techniques available. Since surfaces are often characterized by both heterogeneous charge distributions and topographical features, scanning probe microscopes (SPMs), such as force microscopy (FM) [22] [23] [24] [25] [26] and scanning ion conductance microscopy (SICM), [27] [28] [29] [30] [31] [32] are potentially attractive as a means of probing local surface charge. At the same time, because the response of these techniques depends on both topography and surface charge (and other properties) there is a wider consideration about the operation of these SPMs, and the extent to which these different effects are convoluted in the response.
This paper describes how SICM can be used to (i) measure topography largely free from surface charge effects and (ii) how the corresponding charge on the surface can be probed semi-quantitatively. SICM uses a positionable nanopipette to examine electrolyte-substrate interfaces without requiring a direct mechanical contact with the substrate itself, making it a powerful approach for the investigation of soft (biological) samples. 27, 32, 33 Traditionally in SICM, a bias is applied between a quasireference counter electrode (QRCE) in the nanopipette tip and a second QRCE in bulk solution to generate a direct ionic current (DC). Away from the surface, the total resistance of this conductimetric cell is dominated by the contribution from the narrow tip opening. As the tip approaches the surface to within a tip diameter, the resistance contribution from the tip-to-substrate gap increases and causes the value of ionic current to drop. 27 This provides a means of monitoring the surface topography, using various schemes such as distance modulation (DM) 27, 28, 30, 34 and the hopping (backstep) mode 32, 35, 36 in which a specific tip current value is used to maintain a fixed tip-surface separation during scanning. In DM-SICM, a harmonic oscillation to the vertical (z axis) position is applied and an alternating current signal (AC) is induced, the amplitude of which can be used for positionable feedback. 27, 28, 30, 34 Typically, under high electrolyte conditions any double layer formed at charged interfaces is considered to be compressed to an undetectable level 37 and so it has been argued that surface charge does not convolute recorded signals, enabling topography to be faithfully reproduced 29 within the framework of traditional SICM experiments.
For lower electrolyte conditions (most prominently below 10 mM) the diffuse double layer (DDL) at charged interfaces expands further into solution, with a Debye length of a few nanometers, and even more in media with lower dielectric constants and/or lower ionic strength. 38 This effect leads to ion current rectification phenomena at nanopipette tips in bulk solution [39] [40] [41] as well as surface induced rectification, 42, 43 once a nanopipette approaches towards a charged surface. Indeed, near a surface, there is a polarity-dependent current enhancement or diminution, due to the double layer at the surface modulating the transport of ions travelling through the nanopipette opening, 42, 44 in contrast to the expectations of the operation of conventional SICM. 27 This phenomenon has recently been explored and used to map surface charge heterogeneities using a classical DM-SICM setup. 44 However, there are a number of issues with this technique. The mechanical oscillation of the tip in DM-SICM, limits the range of working distances achievable with the nanopipette and consequently the sensitivity and resolution. Furthermore, the high-speed motion of the probe and fluid exerts mechanical forces on the sample, which may influence its response, for example when living cells are studied. The requirement of a large bias between the two QRCEs has also been suggested to lead to fluidic instabilities which impact on the surface. 43 Finally, for smaller probes, it becomes especially difficult to separate topography and surface charge. 44 We have recently proposed an alternative approach for positionable feedback control of nanopipettes in SICM, whereby the tip-to-substrate separation is controlled through the application of an oscillating bias between the two QRCEs to generate an AC signal. 45 It has been demonstrated that at high electrolyte concentrations, bias modulated (BM)-SICM provides a stable feedback for tracking surface topography with oscillation around 0 V between the two QRCEs, at a range of frequencies using either the AC amplitude or AC phase signals. In this paper, we reveal the capabilities of BM-SICM for accurate tracing of the surface topography at charged substrates, at low electrolyte concentrations, by minimizing (virtually eliminating) polarity dependent effects of surface charge in the conductimetric response. Moreover, we further highlight the possibility of probing and mapping unevenly distributed charge at interfaces by sensing of the local ionic environment within a double layer. This is achieved through the use of a hopping approach and CV measurement at each pixel in an image, with certain biases between the two QRCEs shown to highlight surface charge in a sensitive manner while, for others, the current response is insensitive to the surface charge, thus revealing only the topography with high precision. With the aid of finite element method (FEM) modeling, we verify the experimental observations and demonstrate the sensitivity of the AC voltammetric response to the double layer and charge at target surfaces. As well as independent and simultaneous topographical and surface charge imaging, this work provides a robust platform for future local nanoscale impedance experiments.
RESULTS AND DISCUSSION
Bias Modulated-SICM as an ion-sensing probe of double layers. An uncompensated surface charge in electrolyte solutions leads to the formation of a diffuse double layer, consisting of co-and counterions that balance the charge. The approach herein is to probe the ionic atmosphere of the double layer electrochemically (conductimetrically) with a nanopipette and derive surface charge information. At low electrolyte concentrations, glass (or quartz) nanopipettes with small tip openings exhibit perm-selectivity 39, 40 towards counter ions of the DDL, that have enhanced concentration near the charged nanopipette walls. In combination with asymmetric mass-transport rates inside and outside nanopipettes (taking into account the geometrical configuration of the probe) the absolute value of ionic current driven through the opening becomes polarity dependent and this diode-like behavior is known as ion current rectification (ICR). 39-41, 46, 47 When a nanopipette approaches a charged surface, the rectifying characteristics of the probe can be modified due to the presence of the DDL at the surface. 42, 44 As a result, the surface-induced rectification contributes significantly to the overall mass-transport properties of the nanopipette and, in principle, this effect can be employed for probing and mapping surface charge. 44 However, as mentioned in the introduction, the DC or AC components of ionic current, are also distancedependent and this presents a conundrum as to how to separate charge and distance effects in the conventional DM-SICM scheme. Essentially in DM-SICM the ionic current driven through the nanopipette cannot necessarily be reliably employed for either task -probing the surface charge or tracking the topography. 44 For surfaces with large topographical features and relatively low surface charge densities, the implications of this may not be noticeable, 44 but as the resolution of the technique is advanced with smaller nanopipettes being utilized and smaller topographical features being probed, 36, 48 the resulting effects of surface charge heterogeneities on the DM-SICM feedback, may become much more apparent.
Herein, we present an elegant way to resolve both surface topography and charge by using BM-SICM ( Figure 1a) . In a BM-SICM configuration, a small harmonic oscillation of potential is applied to induce an AC ionic current component, which can be used for vertical probe positioning even in the absence of mean bias applied between two QRCEs. 45 Additionally, by applying an additional bias, V, we show herein that one can control the extent to which the SICM current response is sensitive (or not) to surface charge. In essence for V = 0, the BM-SICM response faithfully maps topography (Figure 1b ), due to minimal surface induced rectification about 0 V, while for V  0 the SICM response becomes surface charge sensitive.
Note that by maintaining V = 0 on approach for topographical imaging in this work, the scenario of traditional SICM experiments is avoided where, based on recent work, 42, 44 an applied bias upon approach to heterogeneously charged substrates, may result in a non-constant working distance and hence distorted topography (Figure 1c ).
To demonstrate the efficacy of BM-SICM for probe positioning near a surface, independent of surface functionality, a series of nanopipette approaches towards positively (APTES) and negatively (glass) charged substrates was carried out at different nanopipette biases, applied to the probe. Here the distance, d, was defined with respect to the distance of closest approach, ca. 25 nm or less. For simulations, d
is the absolute tip-substrate distance. These approach curves, and all experimental and simulation studies herein, were performed using an oscillation frequency of 270 Hz.
This frequency was selected based on our recent work 45 and impedance studies performed herein (see Supporting Information, section SI-2) that highlights a frequency domain where the AC phase is most sensitive to changes in both system capacitance and resistance. This region is where the slope of the Bode plot of AC phase against frequency is greatest, which can be seen to exist between 100 Hz and 1 kHz, for the experimental conditions of the experiments herein (Supporting Information, Figure S2 ). Below this frequency range, the phase is zero, as the current solely passes through the resistive component of the system. Above this frequency range the current is dominated by the capacitive component of the system. Theory and simulations. The simulation of the harmonic perturbation of the DDL due to an applied alternating potential is a complicated task, especially in a nanopore or nanopipette configuration, and a typical treatment of this problem is performed in terms of equivalent electrical circuits. 45, 49 Here, we adopt a more general approach by studying the ionic transport and ion distributions, from which we can derive the resulting impedance response, using finite element method modeling.
Ions are considered as point charges, while ionic transport is assumed to follow the classical Nernst-Planck relationship, where the flux Ji of species, i, is given as
while the Poisson equation describes the electrical potential :
Here ci denotes the species concentration, while Di, zi, F, R, T,  and 0 specify constants: system diffusion coefficient of i, its charge number, the Faraday constant, gas constant, temperature, relative permittivity and vacuum permittivity, respectively.
Throughout this work a surface charge density on the nanopipette tip was assumed to be -1.125 mC m -2 (140 nm 2 per ionized site), consistent with previously reported simulations. 40-42, 50, 51 However, the actual density of ionizable sites strongly depends on the nature of the material and could vary within the range of microcoulombs to a few hundreds of millicoulombs per squared meter of a surface.
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The system of differential equations (1) and (2) was solved with appropriate boundary conditions (see section SI-1 and Table S1 , Supporting Information), for a particular V and assuming flux conservation in a first step (eq. 3)
Then, for AC analysis, a harmonic bias modulation was applied between the two QRCEs in the form of a linearized perturbation in the frequency domain
where j is the imaginary unit and  is the angular frequency (full details of the FEM simulations are given in section SI-1, Supporting Information).
This approach provides a powerful framework to study the impedance response both in bulk (see for example Figure S2 , supporting information SI-2) and with a nanopipette positioned at different separations from a charged or uncharged substrate. As highlighted earlier in Figure 2 , the experimental phase shift with zero net bias, V = 0, as a function of distance appeared relatively insensitive to the surface charge, while for an applied bias (V  0) there was a surface-charge dependent phase shift. and 2d ) make it clear that with V = 0, the phase shift can be used as a set point for determining topography and being able to position the probe at close tip-to-substrate separations, which is important for enhancing the resolution of SICM. 56, 57 In a similar way to the experimental approaches at non-zero bias (Figure 2) , the model predicts a dramatic change of the phase-distance behavior for V  0.
Figure 3b depicts theoretically predicted approach curves that demonstrate the sensitivity of the AC phase to surface charge. The AC phase shift can be seen to be negative under conditions when an enhanced ionic current is observed, that is when negative V is applied to the tip QRCE with a negatively charged substrate. In this case the system resistance, upon approaching the substrate, decreases and so more current flows through the resistive component of the system, resulting in the phase tending more towards 0 degrees, thus explaining the negative phase shift from the bulk value, which is between 0 and 90 degrees (Supporting Information SI-2, Figure   S2 ). It can further be seen that the magnitude of the effect scales with the surface charge density, as would be expected. As the polarity of the bias is reversed, so that the nanopipette QRCE is positive, the negatively charged substrate now induces a diminution of the ionic current and a positive shift in the phase is observed. In this case, the system resistance increases as the tip approaches, so more current flows through the capacitive component of the system and the phase tends to increase towards 90 degrees. Thus, a positive phase shift from that with the nanopipette in bulk is observed. The simulated DC signal mirrors this behavior (Supporting Information SI-5, Figure S5 ) with the DC current increasing compared to the bulk at close tipsubstrate distances (negatively charged substrate) with positive bias on the nanopipette QRCE, but decreasing at negative bias.
From these data it is clear that even a relatively small surface charge (down to 1 mC m -2 , equivalent to 160 nm 2 per ionized site) leads to strong variation of the phase shift with bias, that is particularly noticeable when the probe is brought in close proximity to a substrate (especially, at distances below one tip radius, d < rtip).
This effect, revealed with an applied bias, can therefore be employed for mapping surface charge with the nanopipette held at a constant distance above the specimen during scanning, as considered below. almost no perturbation of the DDL at the substrate, which remains intact. The application of bias, however, is known to lead to ICR inside the nanopipette itself [39] [40] [41] (when it is freely suspended in bulk) and a surface-induced rectification. 44 This causes a drastic change in the nanopipette conductance state depending on bias polarity and surface charge due to a significant change of ionic conductivities (and therefore, the overall resistance) within and near the tip opening (see Figure 3e and f for V values of +0.3 V and -0.3 V, respectively). In turn, the AC ion current components, particularly the phase shift, which are highly sensitive to the overall resistance, as
explained above, also demonstrate a strong dependence to the nature of the charged interface.
Probing acid-base equilibria at interfaces. To illustrate the capabilities of BM-SICM for sensing variations of surface charge, a series of approaches towards glass substrates was carried out as a function of bulk pH (surface titration experiments).
The electrostatic charge on glass and silica surfaces is typically attributed to the presence of silanol groups (SiOH) due to the following acid-base equilibrium:
The dissociation process, however, is rather complicated and depends on the particular type of silica and any surface treatment. In a first approximation, the degree of dissociation depends on the inherent properties of the glass-electrolyte interface (given by the intrinsic dissociation constant, Kint) as well as the electrostatic potential on the surface, 0:
A broad range of silica interfaces show a pKint in the range 7  7.5 52, 54 and the surface charge density, , can be estimated, using equation (6) 
Solution of equations (7) and (8) provides the self-consistent surface charge density value. However, surface acid-base equilibria on other types of silica are characterized by two dissociation constants 53, 59 with corresponding pKa of 4.5 and 8.5. These values are associated with two different types of titratable silanol groups, present at the surface at 19% and 81% of the total number of ionized sites, respectively. 53, 59 The total surface charge density is therefore given through both contributions.
It follows that under ambient conditions (pH  7) a small fraction of silanol groups are ionized, resulting in a negatively charged surface. The experimental approaches of phase shift vs. tip to surface distance, d, shown in Figure 4 for an applied bias V = -0.3 V to the nanopipette (and the DC data in Figure S6 , Supporting Information SI-6) confirm the presence of a negative surface charge under these conditions, as surface-enhanced rectification induces a significant decrease of the AC phase value (and increase in the DC value, Figure S6 , Supporting Information SI-6), when the nanopipette is brought into the vicinity of the substrate.
In more acidic solutions, increasing protonation of the silanol groups leads to an overall decrease of (absolute) surface charge density. Experimental phase shiftdistance approach curves ( Figure 4 ) under these conditions (pH = 2.1 -4.3), reveal a smaller surface-enhanced rectification at lower pH. At pH values around 2.1 -2.5 the AC phase shift-distance curves approach the behavior expected at an uncharged interface, in good agreement with a point of zero charge found on most of silica materials (typically, in the pH range 2 -4). 60 Approach curves shown in Figure 4 evidence an almost linear variation of near-surface phase shift with pH over the range studied. Based on our simulations presented above (Figure 3c ), this behavior suggests a linear-like titration of surface charges with pH. Dedicated modeling in the future could provide further insight into the protonation of this type of surface, although it needs to be recognized that other processes can complicate the analysis and interpretation. Although the electric field from the SICM probe is in the kV cm -1 range, a field of this magnitude is unlikely to induce changes in the local acid disassociation constants, as the Wein effect occurs at hundreds of kV cm -1 .
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However local ion mobilities, particularly of protons at surfaces, 64 The capability of this approach was validated for a partial polystyrene film on a glass substrate, comprising heterogeneously distributed pinholes (exposing the glass) in the polystyrene layer. This substrate thus comprised both negatively charged glass regions, in 10 mM KCl solution, and neutral areas (uncharged polymer film).
The topography recorded from the initial approaches to the substrate at V = 0 is shown in Figure 5a . This matches well to the typical topography recorded using AFM (Figure 5b ). Taking into account the working distance (given by the set point value, corresponding to ca. 25 nm), SICM allows careful examination of substrate topography independently of surface charge. Even the smaller nanoscale pits in the film are apparent in the BM-SICM topography, an advance on our recent DM-SICM studies 44 in terms of resolution.
Significantly, the protocol used produces voltammetric data that can be The corresponding phase behavior (Figures 5d and f) shows the interfacial charge effect with stronger contrast due to the fact that any change in the resistance is detected as a change in the ratio between the capacitative and resistive behavior of the nanopipette (and better signal to noise due to measurement with the lockin amplifier).
When the nanopipette experiences a low conductance state, the capacitance provides a larger contribution, which ideally has 90 degrees phase shift with respect to the driving voltage, while at a high conductance state a nanopipette acts more like as a resistor (0 degrees phase shift for resistor circuit component).
The change of the conductance state of the nanopipette is also seen in voltammograms recorded at each pixel during imaging. As follows from the image sequences (see Supporting Information Figure S7 and the video files in section SI-8),
the AC phase shift flips from negative to positive as the bias (V) is scanned from negative to positive values through 0 V. With the bias ca. 0 V, however, the phase signal across both the glass and polystyrene regions of the sample is close to the set point value because of the insensitivity of the phase to surface charge when V = 0, a key feature of this technique that we have described.
These data allow the standard deviation of every pixel value of each DC and phase image in the sequence to be calculated, with results shown in Figures 5g and h.
It is clear that around V = 0, the images are relatively featureless (small standard deviation), but increase with a higher magnitude of applied potential, consistent with the greater contrast between the heterogeneously charged regions seen at  0.3 V.
Interestingly, the region where the standard deviation attains a minimum is relatively broad (-0.2 V -0.1 V) for the DC signal, highlighting the lower sensitivity of the DC signal ( Figure 5g ) towards surface charge compared to the AC phase signal (Figure   5h ), where the minimum of the standard deviation vs. potential plot is much sharper.
CONCLUSIONS
This work provides a robust framework for nanoscale mapping of surface charge variations at substrates through sensing the ionic atmosphere of the diffuse double layers formed at interfaces with a simple nanopipette approach. We have explored the versatility of bias-modulated SICM for independent and accurate characterization of the topographical and charge properties of surfaces, using the capability of BM-SICM for performing experiments in the absence of a mean applied bias. In this situation, the nanopipette can be carefully positioned over the sample at a desired distance, using a set point value of the AC phase shift of the ionic current, which is shown to be a distance-dependent quantity, essentially unaffected by surface charge that makes it ideal for topographical mapping.
At non-zero bias, however, BM-SICM becomes an extremely sensitive tool for probing surface charge via surface-induced rectification. Our experimental findings, supported by finite element simulations, suggest that AC components of the ionic current, and, in particular, the phase shift are very responsive to the local resistance and, correspondingly, variations in surface charge. The possibility of imaging heterogeneities of surface charge makes this technique indispensable for surface science, to unravel structure-functional relationships and to provide insights on interfacial processes and adsorption equilibria that modify the charge. Here, we have been able to resolve topography, free from surface-charge effects, and obtain semi-quantitative insights into surface charge. Further quantitative analysis will require extremely detailed characterization of tip geometry and charge (which is often not the precise conical shape assumed in this and other work), and the charge/ICR characteristics of the nanopipette itself, as well as considerations of changes in ion mobility near surfaces. For future studies, transmission electron microscopy of glass nanopipettes 66 should allow better understanding of the probe geometry and, in perspective, this nanopipette approach should offer detailed quantification of surface charges. . We deliberately chose to use a relatively large tip to produce a well-defined probe that was easily characterized. Although surface charge effects would be expected to be less prominent than on smaller tips; 42, 44 they are still shown to be significant with major implications for nanoscale SICM imaging as we discuss herein.
MATERIALS AND METHODS

Solutions
Substrates. Glass bottomed petri dishes with detachable cover slips (3512, WillcoWells) were used as glass samples, either as received, after sonication in acetone (10 min), sonication in water (10 min) and plasma ashing in oxygen (1 min, 100 W), or after functionalization with either polystyrene or APTES. The polystyrene samples were dip coated to produce a heterogeneous thin neutral polystyrene film with exposed negatively charged glass regions, under the condition of the measurements (aerated, unbuffered, 10 mM KCl, pH 6.5).
Instrumentation. The basic instrumentation has been described elsewhere. 45, 67 Briefly, movement of the SICM probe in the direction normal to the substrate was controlled using a piezoelectric positioning stage of range 38 µm (P-753-3CD, Physik
Intrumente) with lateral movement of the substrate controlled using a two-axis piezoelectric positioning system with a range of 300 µm (Nano-BioS300, Mad City Impedance measurements were carried out using a Gamry Femtostat (FAS2-38039), with spectra acquired using Gamry Framework Data Acquisition Software (6.04). Impedance measurements. The Gamry Femtostat was connected between the two QRCEs: one in the nanopipette and one in bulk solution. Impedance spectra were collected at a set of frequencies between 1 Hz and 100 kHz, with 9 points per decade.
Impedance measurements were performed with a 10 mV rms oscillation with 0 V mean bias.
Atomic Force Microscopy. Contact mode atomic force microscopy (AFM) (Catalyst, Bruker-Nano), using silicon tips on a nitride lever (SNL-10, Veeco), was employed for the analysis of sample substrates. 
